Abstract Autophagy-dependent cell death can be defined as cell demise that has a strict requirement of autophagy. Although autophagy often accompanies cell death following many toxic insults, the requirement of autophagic machinery for cell death execution, as established through specific genetic or chemical inhibition of the process, is highly contextual. During animal development, perhaps the best validated model of autophagy-dependent cell death is the degradation of the larval midgut during larval-pupal metamorphosis, where a number of key autophagy genes are required for the removal of the tissues. Surprisingly though, even in the midgut, not all of the 'canonical' autophagic machinery appears to be required. In other organisms and cancer cells many variations of autophagy-dependent cell death are apparent, pointing to the lack of a unifying cell death pathway. It is thus possible that components of the autophagy machinery are selectively utilised or repurposed for this type of cell death. In this review, we discuss examples of cell death that utilise autophagy machinery (or part thereof), the current knowledge of the complexity of autophagy-dependent cellular demise and the potential mechanisms and regulatory pathways involved in such cell death.
Introduction
Cell death plays an essential role in maintaining organismal homoeostasis by deleting excess and unwanted cells. Most cell deaths utilise a caspase-dependent pathway, commonly known as apoptosis. Genetic studies in model systems suggest that apoptosis accounts for the bulk of developmentally programmed cell death (PCD) [1] [2] [3] [4] . For example, in Caenorhabditis elegans loss of function mutations in key apoptosis genes, such as ced-3 and ced-4, block the death of all 131 somatic cells during development [5, 6] . In mice, however, blocking apoptosis appears to have only a limited effect on development [7] [8] [9] , presumably due to compensatory backup mechanisms ensuring that unwanted cells get deleted by nonapoptotic means.
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In addition to apoptosis, a number of regulated cell death modalities have come to light in recent years [10] . Among these, those that occur during development and homoeostasis include apoptosis, necroptosis (also called programmed necrosis) and autophagy-dependent cell death [10] . Apoptosis is characterised by a highly orchestrated fragmentation of a cell into apoptotic bodies, which are recognised and removed rapidly by phagocytosis. The apoptosis execution occurs by two pathways, the intrinsic and extrinsic, that centre on the activation of cysteineproteases called caspases [11] . The intrinsic pathway is activated by a developmental program and by external signals, such as ionising radiation, growth factor depletion or glucocorticoids, releasing pro-apoptotic factors from the mitochondria. The extrinsic pathway is triggered by extracellular ligands binding to membrane-localised death receptors. Necroptosis is characterised by organelle swelling and lysis, inflammation and release of intracellular material in response to pathological conditions. Autophagy is a conserved process that delivers components of the cytoplasm to lysosomes for degradation. While originally identified as a cell survival mechanism, autophagy plays highly context-specific roles in mediating cell death [12, 13] . The interplay between autophagy-dependent cell death and other types of cell deaths have been reviewed recently [14] . Here, we focus on various physiological examples of autophagy-dependent cell death, review the potential mechanisms and regulation of such death, as well as discuss its potential significance.
Autophagy
Autophagy is the process that delivers cytoplasmic material of endogenous or exogenous origin to the lysosome for degradation [15] . There are three main forms of autophagy, known as macroautophagy (herein referred to as autophagy), microautophagy and chaperone-mediated autophagy (CMA) [15] . Microautophagy involves the transfer of cytosolic cargo components directly into the lysosome through membrane invaginations [15, 16] . CMA involves the selective translocation of proteins containing the KFERQ-like motif across the lysosomal membrane [17] .
The evolutionarily conserved process of autophagy is carried out by a molecular machinery encoded by Autophagy-related (Atg) genes originally identified from genetic screens in yeast [18] [19] [20] [21] . Detailed description of the molecular machinery regulating autophagy can be found in many reviews including refs. [15, [22] [23] [24] [25] . Briefly, initiation of autophagy requires the Atg1/Unc-51-like kinase (ULK) complex [26, 27] . The function of the Atg1/ULK1 complex is to transduce the signals which induce its recruitment to the isolation membrane by phosphorylating and/or recruiting other proteins necessary for the autophagosome formation. This recruits the class III PI3K/PtdIns(3)K complex, containing vacuolar protein sorting 34 (VPS34/ PIK3C3), Vps15 (PIK3R4), Atg6 (BECLIN1) and Atg14, necessary for phosphatidylinositol 3-phosphate (PI(3)P) production and subsequent recruitment of autophagy factors to the autophagosomal membrane [28] . Two conserved ubiquitin-like conjugation systems (Atg8/LC3-lipid phosphatidylethanolamine (PE) and Atg12-Atg5 systems) mediate insertion of lipidated Atg8 (including LC3 and GABARAP family members in mammals) into the autophagosomal membrane during elongation and expansion to form a fully closed autophagosome [29] [30] [31] . The final step in autophagy is the fusion of the autophagosome with the lysosome to form an autolysosome for degradation/recycling of cellular components [22] .
The predominant function of autophagy is to promote cell survival following stress/nutrient limitation by recycling essential cellular components [32, 33] . Indeed, blocking autophagy, either genetically or chemically, generally promotes the demise of cells under stress conditions [34] . However, in specific contexts, autophagy also leads to cell death [10, 12, 15] . With much of our understanding of the regulation and mechanism of autophagy from studies on its role in cell survival, the physiological role and the molecular mechanisms of autophagy-dependent cell death are less well characterised.
Autophagy in cell death
Early observations of dying cells reported the accumulation of autophagosomes and autolysosomes in the cytoplasm [35] and there have been many reports since prompting the use of the term 'autophagic cell death'. However, in many cases, the evidence of a causal role for autophagy was not established while other observations were based mainly on morphological characteristics. As discussed recently [14] , the interplay between autophagy and various forms of cell death makes it difficult to distinguish the specific roles of autophagy in mediating cell death. As such the concept of cell death dependent entirely on autophagy has remained somewhat controversial.
Based on guidelines published by a large section of the scientific community [15, 36] the roles of autophagy in cell death can be defined as: (i) autophagy-associated cell death, where by the induction of autophagy coincides with the induction of apoptosis (or other cell death pathways), where autophagy simply accompanies the cell death process and does not have an active role in it; (ii) autophagy-mediated cell death, where autophagy induction triggers apoptosis; and (iii) autophagy-dependent cell death, a distinct mechanism of cell death that occurs independently of apoptosis or necrosis (Fig. 1) . The Nomenclature Committee of Cell Death defines autophagy-dependent cell death as 'a form of regulated cell death that mechanistically depends on the autophagic machinery (or components thereof)' [10] . The autophagymediated cell death must strictly follow the criteria that the inhibition of autophagy, through either genetic or chemical means, prevents cell death [10, 15, 36, 37] . As several components of the autophagy machinery have autophagyindependent functions [38] it is recommended to establish the involvement of at least two different proteins of the autophagy machinery [15, 36] . Additionally, in the case of autophagy-dependent cell death, even where inhibition of autophagy prevents cell death, evidence that apoptosis or necrosis are either not involved or function in parallel with these death modalities is also required.
Examples of autophagy-dependent cell death
Several Atg gene knockout (KO) mice have been generated that have provided important insights into the physiological functions of autophagy in vivo [39] . However, dissecting the contribution of autophagy to cell death using mice has proven difficult due to early lethality, other overt phenotypes or redundancy in Atg gene function [39, 40] . Studies in mammalian and other model systems have clearly identified instances of autophagy-dependent cell death in specific developmental or pathophysiological contexts. Thus, autophagy appears to have highly context-specific functions in cell death rather than a wider role, yet many aspects of the physiological roles of autophagy in vivo remain unclear.
A form of autophagy-dependent cell death, called 'autosis', involving the Na + /K + -ATPase occurs in cells following treatment with a BECN1-derived peptide (TatBeclin 1) or following starvation [41] . The dying cells show morphological characteristics of autophagy, not apoptosis or necrosis, and cell death can be prevented by knockdown of Atg13 or Atg14, or by chemically blocking autophagosome formation. The genetic or chemical inhibition of apoptosis or necrosis does not rescue Tat-Beclin 1-induced cell death. Autosis has been shown to occur in the brain of newborn rats following hypoxia-ischaemic injury [41, 42] . There is genetic evidence for autophagy-dependent cell death in mammalian cells that are unable to undergo apoptosis. Removal of interdigital web cells during embryonic development is delayed in apoptosis-deficient Bax/Bak KO mice and is further delayed in Atg5/Bax/Bak triple KO mice [43] . This suggests that autophagydependent cell death may be important to compensate when apoptosis is blocked or inhibited. There is further evidence for autophagy driving cell death in the absence of apoptosis. In Bax/Bak-deficient mouse embryonic fibroblasts, autophagy is required for cell death induced by chemotherapeutic drugs, which is blocked by genetically inhibiting autophagy [44] . This compensatory action of autophagy is also observed in both cultured and primary cell lines treated with caspase inhibitors or that also lack apoptosis machinery [43, 45, 46] .
There are also examples in primary and transformed cells with functional apoptotic machinery where the induction of autophagy can lead to cell death. In human ovarian epithelial cancer cells, expression of oncogenic H-Ras induced autophagy resulting in cell death that was prevented by knockdown of Atg5 or Atg7 [47] . In fibroblast cell lines, the expression of oncogenic Ras induced caspase-independent cell death accompanied by accumulation of autophagosomes and upregulation of Atg5 [48] . Chemical inhibition of autophagy prevented Ras-induced cell death, indicating that autophagy is promoting cell death rather than survival in these cells [48] . However, in other studies using transformed cells, expression of activated Ras can promote cell growth accompanied by increased autophagy [49] [50] [51] . In addition to these examples, there have been many studies performed in cell culture; studies are needed in animal models of cancer to determine if induction of autophagy can lead to tumour cell death in vivo.
A recent model of autophagy-dependent cell death has been established using resveratrol treatment of A549 lung carcinoma cells [52] . An increase in autophagic flux and ; autophagy-mediated cell death, where the autophagy pathway activates apoptosis (or other cell death modalities); and autophagydependent cell death, which occurs independently of apoptosis or necrosis (e.g. Drosophila larval midgut degradation). An additional context-specific mode of cell death involves the coordinated action of both apoptosis and autophagy in parallel (e.g. Drosophila salivary gland degradation [70] ), and Bax-and Bak-mediated induction of both apoptosis and autophagy [116] cell death following resveratrol treatment occurs without activation of apoptosis and/or necroptosis. This cell death is associated with an increase in autophagic markers and could not be blocked by inhibiting apoptosis or necroptosis. Importantly, knockdown of several autophagy genes (ATG4B, ATG7, ATG12 and MAP1LC3B) decreased resveratrol-induced LC3 lipidation and increased cell viability [52] . However, depletion of ULK1 or BECN1 did not block cell death indicating that resveratrol-induced cell death is ULK1-and BECN1-independent. Using this model to perform a signalome-wide RNAi screen identified GBA1, the Gaucher disease-associated gene, which encodes an enzyme that metabolises glucosylceramide to ceramide and glucose, as an essential factor mediating enhanced selfconsumption of intracellular components and autophagydependent cell death [52] . Interestingly, GBA1 was also found to be important for the developmental cell death in Drosophila larval midgut [53] , a tissue that is well known to be removed by an autophagy-dependent process (see below). The main mode of PCD in C. elegans is apoptosis, and autophagy can promote cell death when apoptosis is reduced. In the germline, autophagy can contribute to cell death in response to genotoxic stress or when apoptotic activity is reduced but does not appear to be essential under normal physiological conditions [54] . Depletion of autophagy gene function reduced germ cell corpses in ced-3 mutants or following irradiation or ethylnitrosourea treatment. This suggests that when caspase activity is partially compromised, autophagy can contribute to the execution of cell death.
Developmentally programmed induction of autophagy and apoptosis occurs during metamorphosis in holometabolous insects [55] . The early morphological identification of PCD from studies examining the removal of intersegmental muscles of silk moths showed features of autophagy [56] . In several Lepidoptera species, the degradation of larval organs including the midgut, fat body and silk gland shows morphological features of both apoptosis and autophagy (similar to the Drosophila larval midgut and salivary glands). In Helicoverpa armigera, knockdown of Atg12 blocks larval midgut removal, suggesting that autophagy is required for cell death in this tissue [57] . However, in most cases, the genetic/molecular contribution of each pathway to cell death in the specific tissues remains to be established.
Autophagy-dependent cell death in vivo
A unique example of autophagy-dependent cell death is found in the amoeba Dictyostelium discoideum, that does not encode caspases or apoptotic machinery genes [58] . The transition from vegetative state to fruiting body requires PCD that is prevented by genetically blocking autophagy [59, 60] . Initially autophagy is induced in response to starvation and following this, cell death is triggered in response to an additional signal, differentiation-inducing factor (DIF-1). Both signals are required to induce cell death as starvation alone or DIF-1 exposure to non-starved cells is not sufficient to induce death. It is intriguing that these signals combine to convert a survival function of autophagy to a cell death promoting role. This is an example of autophagy during cell death in the absence of apoptosis, whereas in higher organisms with intact apoptosis machinery, the complex relationship between autophagy and apoptosis (other modes of cell death) occurs.
The strongest evidence for the physiological role of autophagy as a cell death mechanism comes from developmentally PCD in Drosophila. While most developmental and stress-induced cell death in Drosophila is executed by apoptosis, autophagy-dependent cell death occurs in specific tissues [61] . During the larval-pupal transition, pulses of the steroid hormone ecdysone trigger the degradation of 0 hRPF 12 h PRF 4 hRPF Fig. 2 Degradation of the Drosophila larval midgut. During metamorphosis, an increase in the steroid hormone ecdysone triggers the degradation of the larval midgut by autophagy-dependent cell death. Stages of midgut removal observed by GFP in whole animals, from the onset of metamorphosis at 0 h relative to puparium formation (hRPF) during midgut degradation at 4 hRPF and following midgut condensation at 12 hRPF. The degradation is characterised by the initial contraction of the gastric caeca followed by condensation of the midgut body (scale bar represents 200 μm) obsolete larval tissues including the midgut and salivary glands [62] [63] [64] (Fig. 2) . Despite upregulation of apoptosis genes and high levels of caspase activity, degradation of the larval midgut proceeds normally in the absence of the apoptotic machinery or inhibition of caspase activity [65] . However, depletion of particular components of the autophagy machinery delays midgut degradation [65] [66] [67] . Furthermore, the combined inhibition of both apoptosis and autophagy does not further delay midgut degradation than inhibition of autophagy [65] .
Similar to the larval midgut, salivary gland degradation exhibits high levels of autophagy and caspases [64, 68, 69] . However, unlike midgut degradation, the removal of the salivary glands requires both apoptosis and autophagy in parallel for their degradation [70] . The inhibition of either apoptosis and autophagy alone results in partial salivary gland removal, whereas the combined inhibition of both pathways further delays their degradation, suggesting that these pathways act in parallel [70] . Thus, salivary gland PCD can be considered a unique example where both apoptosis and autophagy-dependent cell death act in parallel. These obsolete tissues that are triggered to undergo PCD in response to ecdysone highlight the context-specific role of autophagy and the complex relationship between the apoptotic and autophagy pathways.
How cells die by the autophagy-dependent process?
Except for autosis, which is dependent on plasma membrane Na + /K + -ATPase [41] , how cells die by autophagydependent cell death remains largely unknown. Ultrastructural analysis of cells dying by autophagy has provided some insights. In mammalian cells, ultrastructural and functional analyses indicate that most organelles, including mitochondria and the ER, appear normal during autophagydependent cell death [43] . Compared to cells undergoing starvation-induced autophagy, those undergoing cell death have increased number and size of autophagic vacuoles/ vesicles [43] , suggesting that hyperactivation of autophagy may promote cell death. Indeed, cell death is enhanced when feedback mechanisms to restrain autophagy are disrupted [71] . Similarly, degraded mitochondria, intracellular membranes and cytoplasmic material could be detected in cells dying by autophagy [52] . This supports the idea that excessive consumption of cytoplasmic components upon sustained autophagy leads to cell death. In Drosophila, blocking autophagy-dependent cell death in the midgut leads to the accumulation of mitochondria suggesting an important role for the bulk clearance of cytoplasmic material [66] . While autophagy is required for mitochondrial clearance in the midgut, it is yet to be determined whether mitochondria are preferentially degraded over other cellular components [66, 72] . During midgut degradation, the Drosophila homologue of mammalian autophagy receptor p62, refractory to sigma P (ref(2)P), is not essential for autophagy, suggesting that cargo selection may be important in determining whether non-selective bulk degradation of cytoplasmic targets is required or if specific cargoes are selected [67, 72] . However, whether selective autophagy contributes to autophagy-dependent midgut PCD is unknown (Fig. 3) . Autophagic flux is dependent on lysosomal function, and it is likely that the lysosome will contribute to autophagydependent cell death. The degradation of larval midgut cells that are deficient for Mad and tkv has revealed unique features of autophagy-dependent cell death. The Mad and tkv mutant cells are rapidly degraded with markers of autophagy and lysosome activity suggesting that the demise of the cell is due to the bulk degradation of cellular components, presumably by the lysosomal enzymes [73] . Another recent study suggests that the lysosome may contribute to cell death due to autophagy [74] . Following prolonged starvation, Bax/Bak1 double KO Mouse Embryonic Fibroblasts (MEFs) are resistant to autophagydependent cell death. Targeting Bax (or a monomeric-only mutant form of Bax) to the lysosome (or treatment with a lysomotropic detergent) increased lysosomal membrane permeability and restored starvation-induced autophagic cell death in Bax/Bak1 double KO MEFs [74] . However, it remains to be determined if the degradation of specific organelles initiates autophagy-dependent cell death or if the bulk degradation of cytosolic components by autophagy is the primary cause of cell death. The contribution of the lysosome to autophagy-dependent cell death also warrants further investigation.
Another mechanism that has been proposed is that autophagy may selectively degrade specific survival factors to induce cell death. For example, the Drosophila inhibitor
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Atg8 family Ubiquitin Cargo receptor Fig. 3 Possible targets of autophagy during cell death. The cellular targets engulfed during autophagy-dependent cell death remain to be determined. Examples of possible targets include the bulk engulfment of cytoplasmic contents including cytosol and organelles or forms of selective autophagy that promote the clearance of mitochondria (e.g. mitophagy) or ubiquitinated proteins (e.g. aggrephagy)
of apoptosis protein dBruce localises to autophagosomes and is necessary for caspase-dependent cell death of the ovary [75] . The developmental cell death in the oocyte is triggered by the autophagy-mediated degradation of the anti-apoptotic dBruce that enables the subsequent activation of caspase-dependent apoptosis.
The autophagy machinery in cell death
The autophagy machinery required to mediate cell death may differ to that promoting cell survival. There may be differences in the rate of autophagic flux, the length of time the pathway is active and whether the engulfed contents are being recycled or degraded. All these factors may contribute to distinct requirements for autophagy machinery components. The genetic dissection of the requirement of the Atg genes to autophagy-dependent Drosophila midgut degradation revealed that only a subset of the individual components are required (Table 1 ). In the Drosophila midgut, RNAi-mediated screening of the Atg machinery revealed that a subset of the multi-subunit complexes that are required for starvation-induced autophagy in the fat body are required for autophagy-dependent cell death in the midgut [67] . The components of the initiation complex (Atg1, Atg13, Atg17 and Atg101) and PtdIns(3)P binding proteins (Atg9, Atg2 and Atg18), as well as specific components of class III PI3K complex (Vps15 and Vps34), and Atg8a are required for autophagy-dependent midgut degradation [67] . However, components of the two conjugation systems, including Atg7 (the E1 enzyme) and Atg3 (the E2 enzyme), are not required for this process although these genes are essential for starvation-induced autophagy in the fat body [66, 67] . Autophagy-dependent cell death in the Drosophila larval midgut appears to be regulated differently from autophagy in cell survival context. These findings highlight the cell type-and context-specific differences in the utilisation of autophagic machinery. This may contribute to altered rates of autophagy flux or to maintain the activity of the pathway for an extended time.
There is increasing evidence that a number, if not all, of Atg proteins have functions in addition to their role in autophagy [38] . An autophagy-independent function of Atg5-Atg12/Atg16L1 protein complex has been described in the antiviral activity of interferon gamma [76] . Individual autophagy pathway components also play roles in cell death that are independent of their role in autophagy [77, 78] . Following genotoxic stress, the increase in ATG5 expression in the nucleus promotes mitotic catastrophe [79] . The conjugation of Atg12 to Atg3 during intrinsic mitochondrial-mediated apoptosis does not occur during starvation-induced autophagy [80] . Further characterisation of autophagy-dependent or -independent functions of a particular Atg protein will aid in distinguishing the contributions to various biological processes including cell death.
The ubiquitin system has multiple roles in the regulation of autophagy [81, 82] . Many components of the autophagy machinery are modified by ubiquitin to regulate autophagic flux, from initiation to termination. Ubiquitination is also important for targeting of cargoes in several forms of selective autophagy [83] . Cargo receptors bind to specific ubiquitinated substrates to direct the selective incorporation of the cargo into autophagosomes. In Drosophila, ubiquitination is important for tissue-specific autophagy-dependent cell death. Ubiquitination is essential for midgut autophagy and cell size reduction that accompanies midgut degradation [66] . As described above, the components of the conjugation machinery, Atg7 and Atg3, are not required for autophagy-dependent midgut degradation. To identify the putative E1-activating enzymes (that function in place of Atg7), an RNAi-mediated screen in Drosophila larval midgut identified Uba1 as a specific regulator of autophagy and cell size reduction during midgut cell death [66] . 
The function of Uba1 is downstream of Atg1 but does not replace Atg7. This raises the possibility that additional components of the ubiquitin system (e.g. E2s, E3s) may be necessary for autophagy-dependent cell death of the midgut.
Signals regulating autophagy-dependent cell death
The different forms of autophagy appear to require distinct regulatory components. Given the highly context-specific requirement for autophagy-dependent cell death, there may be specific signals to initiate the cell death function of autophagy.
Ecdysone-dependent signalling during metamorphosis
As mentioned above, the steroid hormone ecdysone plays an important role in triggering the degradation of the obsolete larval midgut and salivary gland in Drosophila [62, 64, 69] . Increased levels of ecdysone bind to the heterodimeric nuclear receptor complex, ecdysone receptor (EcR) and ultraspiracle (USP) in a spatio-temporal manner to regulate the expression of genes involved in proliferation, differentiation and PCD [84] [85] [86] [87] . Following puparium formation, the rise in ecdysone levels triggers expression of genes regulating both apoptosis and autophagy resulting in salivary gland cell death [68, 69, 88] . The binding of EcR/ Usp recruits histone-modifying enzymes including the histone demethylase dUTX to the promoters to activate the expression of a number of key apoptosis and autophagy genes during salivary gland PCD [89] [90] [91] [92] . Coincident with the increase in ecdysone during midgut degradation, many Atg genes are transcriptionally upregulated immediately prior to larval midgut degradation in an EcR-dependent manner [73] . The knockdown of EcR in the midgut blocks the increase in Atg genes preventing autophagy induction and delaying midgut degradation [73] . Despite the upregulation of Atg gene expression in response to ecdysone, the direct transcriptional regulators responsible still remain to be identified. The role of ecdysone in regulating the expression of autophagy genes appears to be conserved in other insects. In Lepidoptera (silk worm), the induction of autophagy and apoptosis gene expression during metamorphosis occurs in response to ecdysone 20E [93] . In other Diptera (sand flies), the upregulation of Atg gene expression coincides with increased ecdysone during midgut removal; however, it is yet to be established if they are regulated by ecdysone [94] . There may be additional roles for ecdysone in the regulation of autophagy pathway activity as in H. armigera conjugation of ATG12-ATG5 occurs in response to ecdysone in a concentration-and time-dependent manner [57] .
Growth signalling
Induction of autophagy under conditions of nutrient limitation and growth factor withdrawal generally promotes cell survival. A central regulator coordinating autophagy to nutrients and growth factors is the mechanistic target of rapamycin (mTOR) kinase [95] . The function of mTOR is dependent on two distinct complexes distinguished by unique components with TOR complex 1 (TORC1) central in regulating autophagy containing Raptor (regulatory associated protein of TOR), and TOR complex 2 (TORC2) containing Rictor (rapamycin insensitive companion of TOR) [96] . In the presence of nutrients and growth signals, TORC1 activity prevents autophagy by phosphorylating and inhibiting Atg1/ULK1 complex activity [97] . In growth-limiting conditions such as starvation, TORC1 is no longer active enabling Atg1 activation and the initiation of autophagy [98] .
During Drosophila larval development, mTOR is required for cellular growth in the salivary glands and midgut. Similar to conditions of nutrient limitation where TORC1 inactivation results in the induction of autophagy, inactivation of TORC1 is required for autophagy-dependent midgut cell death [67] . The knockdown of Tor and raptor (but not TORC2 component rictor) induced premature autophagy and midgut degradation [67] . Thus, TORC1 inactivation is required for the induction of autophagy in both cell survival and cell death. This suggests that while the molecular machinery mediating autophagy-dependent cell death is distinct to that required for cell survival, the initiation of autophagy may occur similarly.
Several growth signalling pathways, including the insulin receptor/class I phosphoinositide-3-kinase (PI3K) pathway and receptor tyrosine kinase via Ras/mitogen-activated protein kinase (MAPK) pathway, can promote the activation of TORC1 resulting in the inhibition of autophagy [96, 98] . It also appears that these same pathways can also regulate autophagy in the context of cell death. In Drosophila, the maintenance of growth signalling by class I PI3K pathway blocks autophagy induction preventing the degradation of larval salivary gland and midgut tissue during metamorphosis [70, 99] . The downregulation of PI3K activity by the expression of PTEN, TSC1 and TSC2 was sufficient to induce premature induction of autophagy and midgut degradation [99] . Thus, the developmental cell death of the fat body, salivary glands and midgut all require autophagy and downregulation of PI3K signalling [70, 99, 100] . This suggests that despite the opposing roles of autophagy in cell survival and cell death, the induction of autophagy occurs in response to similar signals. The upstream signals that regulate the induction of autophagy including growth arrest and inactivation of TORC1 are similar; however, the molecular machinery mediating cell death may be distinct.
As described above, oncogenic Ras has a complex relationship between autophagy, cell growth and cell death. Depending on the context, activated Ras can induce autophagy promoting cell growth and survival or, under different conditions, it can result in cell death due to increased autophagy [47, 49] . In mammals, caspase-independent H-Ras mediated cell death requires the BH3-only protein Noxa and Beclin-1, with knockdown of Noxa or Beclin-1 reducing autophagy and promoting survival. In the presence of Noxa, Beclin-1 dissociates from anti-apoptotic protein Mcl-1, promoting autophagy induction. This indicates that in response to oncogenic Ras, Noxa may participate in the activation of the autophagy machinery to promote cell death by a unique caspase-independent mechanism [47] . However, the expression of Ras in the Drosophila larval salivary gland and midgut tissue maintains growth signalling and blocks autophagy induction preventing tissue degradation [70, 99] .
Decapentaplegic signalling
In recent studies, the Drosophila bone morphogenetic protein/transforming growth factor β ligand BMP/TGF-β, Decapentaplegic (Dpp), was identified as a suppressor of autophagy-dependent midgut degradation [73] . In the absence of Dpp signalling premature autophagy induction and rapid cell death occurred in midgut cells, whereas maintaining Dpp signalling inhibited autophagy induction [73] . While Dpp plays an important role in the timing of autophagy-dependent midgut degradation, other key morphogens Hh and Wg are not required for autophagydependent cell death [101] . As sustained Dpp signalling in the midgut prevents the expression of ecdysone responsive genes and impairs ecdysone production, Dpp may act in inter-organ communication to coordinate ecdysone biosynthesis and timing of autophagy-dependent midgut degradation [73] . In mammals, members of the TGF-β superfamily induce apoptosis and autophagy in vitro in some primary and transformed cell lines [102] [103] [104] . However, the physiological role of TGF-β signalling in autophagy-dependent cell death in mammals remains to be established.
Other genes/pathways regulating autophagydependent cell death
The discovery of additional genes that function during autophagy in specific contexts suggests that the canonical autophagy machinery may not be the same in all cells or tissues. The requirements for the degradation of the larval salivary glands compared to the larval midgut are distinct, despite apparent similarity in the requirement of autophagy for the degradation of these tissues. For instance, the Hippo pathway is required for the correct removal of salivary glands but not for midgut cell death [99, 105] .
A number of genes have a context-specific role in the regulation of autophagy during salivary gland degradation [106] [107] [108] [109] [110] . The engulfment receptor Draper (Drpr, MEGF10 in mammals) is required for autophagy upstream of Atg1 for PCD of the salivary glands [106] . Draper is present on the surface of salivary gland cells and acts in a cell autonomous manner to promote degradation and clearance of the tissue [106] . In addition, the non-cell autonomous function of Macroglobulin complement-related (Mcr) is required for the regulation of autophagy that is dependent on Drpr in neighbouring cells [107] . In salivary glands, miR-14 and calcium signalling regulate autophagy and cell death [110] . The miR-14 targets inositol 1,4,5-triphosphate kinase 2 (ip3k2), regulates inositol 1,4,5-trisphosphate (IP3) signalling and release of calcium from the ER [110] . This subsequently affects the activity of the calcium-binding messenger protein Calmodulin. The Ras-like protein A (Ral), a Ras superfamily small GTPases, and the exocyst components have a context-specific role in autophagy during salivary gland PCD [109] . In mammals, Ral regulates stress-induced autophagy by interacting with the components of the exocyst [111] . However, Ral is dispensable for starvation-induced autophagy in the Drosophila fat body [109] . A role for dynein light chain 1 (ddlc1) in protein clearance by autophagy is required for salivary gland degradation [108] . The proton-coupled pyruvate transporter, Hermes, acts as a negative regulator of mTOR signalling required for autophagy during salivary gland cell death [112] . The roles of these genes in salivary gland PCD may reflect the requirement of the cell death pathways in this tissue and highlights the importance of investigating regulatory mechanisms in a context-specific manner.
Tissue-specific regulators of autophagy for cell death during midgut degradation, and not during salivary gland degradation or starvation-induced autophagy, have also been identified. As described above, the E1, Uba1, was found to be necessary for midgut cell death, but not for salivary gland cell death [66] . This raised the possibility that additional components of the ubiquitin-conjugation system such as E2s and E3s may regulate autophagy-dependent cell death of the midgut. The ubiquitin-binding UBA domain containing protein, Vps13D is a specific regulator of autophagy-dependent cell death in the midgut and does not affect starvation or stress-induced autophagy [72] . Knockdown of Vps13D or deletion of the UBA domain prevents the clearance of mitochondria during midgut degradation, a phenotype similar to blocking autophagy, with enlarged mitochondria [66, 72] . The function of VPS13D in the regulation of mitochondrial morphology appears to be conserved as VPS13D mutant human cells also have more large and rounded mitochondria. However, it remains to be established if Vps13D also functions in autophagydependent cell death in the larval midgut and if such a function is conserved in cell death in mammals.
The receptor tyrosine phosphatase 52F (PTP52F) is required for midgut degradation. The knockdown of PTP52F delayed midgut degradation that could be rescued by the expression of the ATPase VCP (valosin-containing protein) orthologue Ter94 [113] . VCP participates in many cellular processes including cell cycle regulation and ubiquitin-proteasome system [114] , as well as in several steps of the autophagy pathway, including autophagosome maturation, autophagosome-lysosome fusion, and is required for the clearance of damaged lysosomes by autophagy [115] . This suggests that Ter94 may have other roles or may play a more general role in autophagy. Whether PTP52F function is limited to autophagy-dependent cell death or if it also plays a role in the regulation of starvation-induced autophagy for cell survival remains to be determined.
To identify novel regulators in mammalian cells, a screen using resveratrol-induced autophagy-dependent cell death of lung carcinoma identified GBA1, a glucocerebrosidase enzyme that converts glucosylceramide to glucose and ceramide in the lysosome [52] . The knockdown of GBA1 blocked resveratrol-induced autophagy-dependent cell death and reduced ceramide production. The function of GBA1 in autophagy-dependent cell death is evolutionarily conserved in Drosophila with Gba1a knockdown delaying midgut cell death [52, 53] . However, it remains to be determined how GBA1/Gba1a activate autophagydependent cell death.
Future perspectives
As described above, the function of autophagy in promoting cell death is context dependent. The signals and molecular machinery that distinguish autophagy-dependent cell death to that of autophagy required for cell survival is only beginning to be elucidated. There is evidence that the autophagy machinery required during cell death is distinct to the machinery required during cell survival, but it remains to be established how conserved this is and what additional components function in cell death (and if they are cell specific). The induction of autophagy occurs in response to multiple signals and several of the key regulators are similar in both surviving and dying cells. There are also distinct regulatory mechanisms of autophagydependent cell death that act in specific cell/tissue types, and how these signals are integrated may dictate the cellular outcomes. Whether the internal/external cues promote a signal to increase the rate of flux or prolong autophagy (or prevent termination) resulting in the demise of the cell remains to be established. The molecular mechanisms that lead to the demise of the cell during autophagy-dependent cell death are poorly understood. There are a number of specific forms of autophagy that are defined based on the cargo selected for degradation, and whether autophagydependent cell death involves the degradation of selective cargo or bulk degradation of cytoplasmic components remains to be established. Given the context-specific role and distinct molecular machinery mediating autophagydependent cell death, it will be important to investigate the regulatory mechanisms in the physiological settings.
